A novel responsive lighting system is presented capable of lowering the color temperature of emitted light on dimming. It is based on a single white light emitting LED and a thermo-responsive scattering coating. The coated LED automatically emits light of lower correlated color temperature (CCT) when the power is reduced, while maintaining a chromaticity close to the black body curve. Existing systems all use multiple color LEDs, additional control circuitry and mixing optics. An optical ray tracing model can explain the experimental results.
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INTRODUCTION
Light emitting diodes (LEDs) are quickly replacing traditional incandescent light sources for general lighting applications due to their much higher energy efficiency and longer lifetime. LEDs in various shades of white have become widely available, characterized by the correlated color temperature (CCT). This is the temperature of a black body radiator that is perceived by the human eye to emit the same white light as the LEDs. The incandescent light bulb is such a black body radiator with a CCT of around 2700K. Commonly used LED values range from "cool white" with a CCT of 6500K like day light, through "neutral white" with a CCT of 4000K, down to the "warm white" CCT of 2700K like the incandescent bulb.
Figure 1 Color triangle with black body line and measurement results of two incandescent lamps for various dimming levels.
People are very much accustomed to the fact that if a traditional incandescent light bulb is dimmed, the spectrum changes and becomes more reddish, i.e. the CCT decreases. This follows naturally from the fact that decreasing the power will lower the temperature of the incandescent wire and hence will affect the emitted black body spectrum. The color point of the incandescent bulb will always be on the black body line as illustrated in Figure 1 . In contrast with the incandescent bulb, an LED does not change spectrum and hence does not decrease in color temperature when dimmed. This is perceived as unnatural in some applications and there is a need for LED illumination systems that follow the black body line when dimmed.
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Apart from the aforementioned advantages of LED lighting systems, another attractive feature is the very different form factor of the LED light source as compared to the traditional ones. The small size and relatively low operating temperature of the devices enable embedding the light source in various materials like textiles, glass or transparent Silicone. This socalled embedded lighting, however, is not yet very commonly explored in the industry. That may be related to the fact that a very characteristic problem occurs when phosphor-converted white LEDs are embedded fully into a dielectric medium like glass or transparent polymer instead of operating in air. It is seen that the color temperature (CCT) increases significantly, as illustrated in Figure 2 . This is caused by the enhanced extraction of blue light whereby less conversion to the yellow part of the spectrum occurs as will be explained further on. There is a need for a measure to set the CCT of an embedded LED to a desired value. Figure 2 When embedding a phosphor-converted white LED in a layer of Silicone, the emitted spectrum changes. The color of the light turns more bluish.
A known way to solve the above mentioned problem of the black body line dimming is to combine various LEDs with different spectra in one package or system and electronically set the resulting spectrum by controlling the individual LED driving currents. With low output power the spectrum should be more reddish, with high output power more bluish. This can be achieved by including some driving electronics. But also some optical measures have to be included to mix the light of the constituent LEDs angularly and spatially. Hence the present systems have the disadvantage of cost and complexity of electronics and optical components.
Furthermore in such systems not all the installed LEDs will contribute to the light output in all settings. E.g. a red LED will be dimmed at high output levels because the spectrum should be bluish. Up-or down scaling of these systems is also limited, e.g. a system might consist of 3 white LEDs and 1 red LED. Scaling to larger systems will have to be done by adding non-incrementally multiple (3+1) LEDs. This is a problem in spot light applications where usually space is limited.
In this paper we present a novel smart LED system, 2 based on single white emitting LEDs, able to adjust the CCT of the emitted light in response to the LED driving current. The smart LEDs are based on a thermo-responsive material, coated on top of LEDs, that uses the heat generated by the LED to switch between a scattering and a transparent state, in turn causing a change in the CCT of the light emitted by the device. Furthermore, by tuning the design of the LED we were able to demonstrate an LED system that automatically changes the CCT of the emitted light in the range between 2900 and 4150 K upon changing the current applied to the LED. Due to the presence of two different phosphors in the LED package, the chromaticity of the light emitted by the LED system remains within the 5-steps MacAdam ellipses from the black body line at all currents and CCTs, rendering this LED system applicable in the lighting industry.
In the following the principle of operation is further explained. The materials that have been developed and the experimental procedures are detailed. Results are given of optical characterization of the coated LEDs. An optical ray tracing model is described that gives qualitative and quantitative insight in the observed phenomena.
PRINCIPLE OF OPERATION
A common build-up of a phosphor converted white LED as shown in Figure 3 consists of a blue emitting LED die in a white reflective cup, filled with a mixture of one or more phosphor components and a Silicone binder. Blue light is partly converted to longer wavelengths by the phosphor, and partly escapes directly from the package into air. It is the balance between blue light and converted blue light that finally determines the color temperature of the emitted white light. It is noted that the interface between the Silicone/phosphor mixture and the air plays an important role in the photon balance of the LED, since Total Internal Reflection (TIR) occurs at this interface due to the step in refractive index. At large angles, blue light nor yellow light can escape from the phosphor mixture but is reflected back into the package where additional wavelength conversion takes place.
Embedding the LED in transparent matrix, or coating the LED, has an impact on the photon balance. In the former case, as shown in Figure 2 the interface between phosphor mixture and the air disappears and the influence of TIR at this interface diminishes drastically. As a result much less blue light is reflected back into the phosphor mixture and the resulting light is much more bluish. In the latter case, the interface with the air is also changed but some light can still be reflected back into the package, depending on the shape of the coating. Figure 3 Schematic depiction of the LED-package with the thermo-responsive coating on top. The picture on the left shows the device at low temperature / current, where the coating is in a scattering state. In the picture on the right the current / temperature is high and the coating is thus transparent.
We demonstrate that the Correlated Color Temperature of a dimmable Light Emitting Diode assembly can be set to follow the black body line by introducing a thermo-responsive partially reflective element in the vicinity of the phosphor that is excited by a blue or UV LED. The element reflects a temperature dependent fraction of the light back into the phosphor (Figure 3) . At low driving power more light is reflected and converted to longer wavelengths resulting in a more reddish, warmer spectrum. At high driving power the thermo-responsive element reflects less light and a more bluish, cooler spectrum is emitted. The advantage is that black body line dimming can be achieved with one single LED implying less complexity in electronics and in color mixing optics.
The color of the coating in this schematic depiction shows the color of the light leaving the device. For the sake of clarity the coating is depicted out of contact with the LED package; it should be noted, however, that the coating is brought into optical and thermal contact with the LED package, as can be seen on the pictures of actual devices in Figure 4 . 
MATERIALS AND EXPERIMENTAL PROCEDURES
Non-aligned smectic liquid crystalline materials are known to be scattering, and when heated above their transition temperature to the isotropic state these materials become transparent. 3 This makes liquid crystalline materials ideal candidates for a thermo-responsive scattering coating. Due to their appealing properties we have chosen to explore siloxane based liquid crystals. 4 Siloxanes are well-known to be temperature stable which is highly desirable during continuous LED operation at elevated temperature as well as in the curing step at elevated temperature during the coating procedure. 5 Moreover, due to the siloxanes' flexible main chain these materials tend to show fast response on temperature changes. In order to devise a smart coated LED a liquid crystalline compound was designed with the clearing temperature matching the surface temperature of an operational LED of about 50 o C. The exact chemical structure and the preparation of the siloxane compound are described elsewhere. 2 The optical properties of the coating and consequently the CCT of the light emitted by a coated LED can then actively be tuned by addressing the electrical current powering the LED.
A variety of siloxane-based liquid crystalline compounds has been prepared and the thermo-optical properties of the compounds have been examined. The material presented here is shown in Figure 5 . It undergoes a transition from the scattering smectic liquid crystalline state to the transparent isotropic state at 56 °C which makes it an excellent candidate for the application on LEDs. With the aim of forming a stable and printable ink the siloxane-based liquid crystal is mixed in a 1:1 mixture with bisphenol A diacrylate (see Figure 5 (b) ), a polymerizable matrix chosen for its refractive index that matches the mean refractive index of the siloxane. When polymerized, the ink forms a scattering coating the LEDs as illustrated in Figure 4 , where the coating appears as a hazy, flattened droplet. The scattering power of the coating is determined by several factors: the mixing ratio of component (a) and (b), the process conditions during the polymerization reaction, and the thickness which typically ranges from 100-300µm.
The thermo-responsive coating was applied to a warm white light LED (Nichia NSSL157-H3-E-SW30P9). The CCT and the chromaticity values of the light emitted by the coated and uncoated LEDs were measured at different electrical currents, see Figure 6 . The CCT of the light emitted by the uncoated LED was measured to be approximately 3200 K (black symbols in Figure 6 ) and was found to be independent of the current applied (5 -70 mA). At low current (5 mA) the CCT of the light emitted by a coated LED was measured to be around 2900 K and increased with current (red symbols in Figure 6 ). At currents exceeding 75 mA the CCT becomes constant at approximately 4150 K. Multiple cycles of increasing and decreasing current were carried out with hardly any fatigue.
The visual effect is captured by a camera in Figure 6 b), where two rows of LEDs behind a diffuser are shown, one row uncoated as reference and one row coated. At high driving current the coated LEDs emit with a higher color temperature than the reference LEDs, but on dimming the colors are almost equal.
The spectra of the coated and the uncoated LEDs were recorded for various driving currents and the derived color coordinates are plotted in Figure 7 . It is seen that all the color points are within a 5 Standard Deviation Color Matching (SDCM) ellipse from the black body curve which is often taken as a requirement for white light LEDs as described by the American National Standards Institute's (ANSI) standards. 
OPTICAL RAY TRACING MODELING
An optical ray tracing model has been set up in the program LightTools to qualitatively and quantitatively explain the observed phenomena. A blue emitting die is placed in a white reflective cup, filled with a mixture of Silicone, 2 phosphor components and scattering particles. On top is a layer which contains only scattering particles, as illustrated in Figure 8 . The phosphor components are characterized by their wavelength conversion spectra of excitation and emission and by a mean free path parameter. They are not contributing to scattering, which is exclusively modeled by TiO2 particles of certain diameter and number density. In this way we separate the wavelength conversion from the scattering. The scattering inside the reflective cup as well as in the top layer is described by the Mie theory. Since a priori knowledge of the pertaining concentrations and particle sizes is not available, we have performed a parameter fit to a series of near-field colorimetric measurements of the LEDs, using a procedure as described in previous work. 7, 8 Figure 8 Optical ray tracing model of a medium power LED, capped with a scattering coating of 100µm thickness. On the right a side view cross section is shown with some characteristic ray paths. Scattering is occurring inside the package as well as in the top coating.
The outcome of the parameter fit procedure is illustrated in Figure 9 . On the left a colorimetric measurement is shown of the emitting uncoated LED surface as obtained with a source imaging goniometer SIG300 from Radiant Imaging. The color varies strongly over the surface as rendered by the cloud of black dots in the u'v'-color space diagram. Each dot is a sample of the area within the indicated red rectangle. Arrows indicated roughly the origin of various parts of the cloud. The very bluish part originates from the area where the blue emitting die is still visible. Here, the path length of the light through the phosphor layer is short and wavelength conversion results in blue-abundant, non-white light. Moving from the die towards the edge of the reflecting cup the color gradually changes to white, yellow and orange. At distant locations from the die, the path length of light through the phosphor is long and wavelength conversion leads to a very much redshifted spectrum where blue light is absent. We note in passing that locally, on the emitting surface of the LED the color points can differ vastly from the black body curve, see Figure 9 , but in the far field the color point is within the 5 SDCM ellipse from the black body curve. This positional variation of the emitted light presents a large problem when designing collimating optics for these types of LED packages. It very often results in a blue center and yellow ring pattern in the far field.
In the right part of Figure 9 the measured color points are plotted together with the calculated points after adjusting the scatter parameters in the model. The fit is good enough to continue with this model and predict the performance when a scattering coating is applied. With increasing number density of the scattering particles, the backscattering of the coating increases. Light is redirected back into the LED package, which leads to enhanced wavelength conversion and the desired red shift of the spectrum. It also leads to enhanced absorption losses in the walls of the package and in the blue die. This can be seen in the left plot of Figure 10 , where the predicted lumen output is shown to decrease from 10 to 6 lm for increasing TiO2 particle density. This is partly due to the red shift of the spectrum yielding a lower lumen equivalent ratio but mostly to the mentioned loss mechanisms.
CONCLUSION AND DISCUSSION
A novel type of white light LED illumination system has been demonstrated where the correlated color temperature of the light decreases upon dimming while the color stays close to the black body curve. It is based on a thermo-responsive scatting coating on a dual-phosphor converted white LED. At high operating current the coating is in a transparent state and the LED attains its nominal light output and color. At low operating current the coating starts to scatter light back into the LED package and hence the wavelength conversion from blue to yellow and red is enhanced.
An optical ray trace model of the coated LED is described that can reproduce the observed effects and trends. But since the precise thermo-optical behavior of the coating is not known it is approximated by a simplified scattering model. Further work is needed to develop a more comprehensive multi-physics, i.e. optical and thermal, model.
As illustrated here the color temperature of an LED can change from 4150K to 2900K on dimming but the range is not limited to that. We have seen that by varying the processing conditions other ranges can be realized. Also other types of LEDs have been coated, see Figure 4 and Ref 2. The effect of the thermo-responsive coating on the LED spectrum depends on the processing conditions and on the final shape of the applied coating when applied. Parameters influencing the thermoresponsive scattering are the type and mixing ratios of the two constituent coating components, the curing temperature and speed, and the technology of applying the coating on the LED. For instance, the temperature transition point can be set by choosing a suitable liquid crystalline component. This might be done to minimize the effect of the ambient temperature on the thermo-responsive switching. These and other material research topics such as stability and adhesion need to be further investigated.
The presented LED illumination system requires no second color type of LED, no additional electronic driving circuitry and no mixing optics. As such it might find application in embedded lighting systems, for instance as LEDs in textile or glass.
